Antibiotic-associated diarrhea and pseudomembranous colitis are superinfections often associated with cytotoxigenic Clostridium difficile (24, 45) . This organism produces an enterotoxin, toxin A (TxA) (308 kDa), and a cytotoxin, toxin B (279 kDa) (2, 15) , which mediate diarrhea and colitis in humans as well as in experimental animals (24, 38) .
The remarkable secretory and inflammatory responses produced by C. difficile are due in part to TxA (21, 27, 28, 32) . Since both TxA and toxin B cause potent acute neutrophil migration in the rat peritoneal cavity model (42, 48) , it seems likely that toxin B also participates in the intestinal inflammatory reaction produced by C. difficile. The striking secretory response to TxA in ligated rabbit ileal loops is comparable to that caused by cholera toxin (28, 52) . However, the mediators and mechanisms of the putative TxA-induced intestinal damage and secretion are poorly understood.
Several reports have shown that TxA stimulates the secretion of a protein-rich, hemorrhagic fluid in ligated ileal loops and elicits in the mucosa an acute inflammatory response characterized by infiltration of the lamina propria with polymorphonuclear leukocytes, hemorrhagic edema, ulceration, and epithelial cell necrosis (27-29, 32, 39, 51) . Lima et al. (27) demonstrated that the inoculation of isolated rabbit intestinal loops with C. difficile TxA resulted in potent intestinal secretion of electrolytes and water, followed by early diffuse mononuclear cell infiltration into the lamina propria and the surface epithelium. In addition, several reports have shown that the intestinal secretory and damaging effects of TxA can be blocked by phospholipase A 2 and cyclo-oxygenase inhibitors as well as by platelet-activating factor (PAF) receptor antagonists (16, 19) .
We demonstrated previously that the in vivo neutrophil migration induced by TxA and toxin B is mediated by the release of chemotactic factors, such as leukotrienes and cytokines (interleukin 1 and tumor necrosis factor alpha [TNF-␣]), from resident macrophages (42, 48) . In addition, high doses of TxA were found to exert a potent, direct chemoattractant action on human neutrophils in vitro and to stimulate the release of cytokines from human monocytes (18, 31) .
These studies suggest that the mechanism by which TxA induces intestinal secretion may be due in part to an indirect action mediated by the stimulation of resident immune cells, such as macrophages, present in the lamina propria of the intestine. The aims of the present study were (i) to determine the secretory effects of supernatants from TxA-stimulated macrophages on isolated rabbit ileal mucosa, (ii) to investigate the mechanisms involved in the release of the intestinal secretory factor (ISF) by macrophages stimulated with TxA, and (iii) to characterize the macrophage-derived mediator involved in the potent secretory effects of TxA.
MATERIALS AND METHODS
Purification of TxA. C. difficile (VPI 10463) was grown anaerobically in dialysis tubing suspended in brain heart infusion broth as described previously (49) . TxA was purified by ammonium sulfate precipitation, ion-exchange chromatography on DEAE-Sepharose CL-60, and precipitation at pH 5.6. TxA prepared as described above was homogeneous, as shown by crossed immunoelectrophoresis and polyacrylamide gel electrophoresis.
Macrophage cultures. Rat peritoneal macrophages were collected with RPMI medium 4 days after the intraperitoneal injection of thioglycolate (3% [wt/vol], 10 ml) and placed in plastic tissue culture dishes as previously described (41) . After incubation at 37°C in a 5% CO 2 atmosphere for 1.5 h, the nonadherent cells were removed by washing the dishes three times with RPMI medium. The cellular pattern was based on the cellular morphology analyzed by optical microscopy. The percentage of macrophages (purity) was calculated from the total number of different cells present in the culture. The total cells, consisting of 95% macrophages, were incubated at 37°C in a 5% CO 2 atmosphere for 1 h in fresh medium (control), in medium containing only TxA (10 Ϫ6 M), or in medium containing TxA (10 Ϫ6 M) and different pharmacological inhibitors. The supernatants were discarded and, after additional washing, the cells were incubated for a further 2 h with 1.0 ml of RPMI medium without toxin or drugs. Cell-free incubation medium was obtained by centrifugation (300 ϫ g, 5 min), and 1.0 ml of supernatant adjusted for 1.3 ϫ 10 7 cells/ml by use of a Neubauer chamber was tested on portions of isolated rabbit ileum mounted in Ü ssing chambers as described below. Macrophage viability was determined by trypan blue exclusion as described elsewhere (25, 30) . Macrophage viability ranged from 89 to 97% in the different experimental protocols.
Ü ssing chamber experiments. New Zealand White rabbits (1.5 to 2.0 kg) of both sexes were sacrificed, and the distal ileum was removed, stripped of the serosa, and mounted between Lucite half chambers (cross-sectional area, 1 cm 2 ). The tissue was bathed on both sides with Ringer solution containing 5 mM glucose on the serosal side and 5 mM mannitol on the mucosal side. The preparation was aerated with 95% O 2 and 5% CO 2 at 37°C. The composition of the Ringer solution (pH 7.4) (in milliequivalents per liter) was as follows: Na ϩ , 145; K ϩ , 4.6; Ca 2ϩ , 3.4; Mg 2ϩ , 0.8; Cl Ϫ , 119; HCO 3 Ϫ , 25; and SO 4 Ϫ , 0.8. The electrical apparatus for supplying the short-circuit current (Isc) and for measuring the potential difference (PD) was similar to that described by Schultz and Zalusky (44) . The tissues were equilibrated for at least 30 min prior to the addition of a test agent. The supernatant (1.0 ml) and drugs were added to the serosal bathing solution, and the electrical parameters, such as PD, Isc, and tissue resistance (defined as the change in Isc [⌬Isc] divided by the change in PD; Ohm's law) (11, 34) , were measured at 10-min intervals for 90 min.
IL-1␤ assay. The medium from cultured cells was obtained as described above and stored at Ϫ70°C until used. The IL-1␤ concentration was determined with an enzyme-linked immunosorbent assay (ELISA) specific for rat IL-1␤ (Biosource International, Camarillo, Calif.) in accordance with the manufacturer's instructions.
Drugs. Purified pertussis toxin (PTx) preparations were obtained from Erik Hewlett (Clinical Pharmacology, School of Medicine, University of Virginia, Charlottesville). Briefly, wild-type PTx was purified from supernatants of Bordetella pertussis 165 cultures by hydroxylapatite chromatography and fetuin affinity chromatography and stored at 4°C. A noncatalytic mutant of PTx (9K/129G; PTxm) was prepared at Chiron Bioscience (Siena, Italy) and was kindly provided by Rino Rappuoli. This mutant contains two amino acid substitutions in the S1 Statistical analysis. The statistical significance of the differences between various groups was assessed by use of analysis of variance (ANOVA) (Bonferroni or Dunn method), and the results are presented as the mean Ϯ standard error of the mean (SEM). A P value of Յ0.05 was considered to indicate statistical significance. n indicates the total number of Ü ssing chambers containing rabbit ileum from at least four different animals. ; n ϭ 10; P Ͻ 0.01); the results were dose (data not shown) and time ( Fig. 1) ; n ϭ 9; P Ͼ 0.05) (Fig. 1) . Pure TxA (10 Ϫ6 M) added directly to Ü ssing chambers did not cause intestinal secretion (60 Ϯ 5.3 versus 62 Ϯ 6.8 A ⅐ cm Ϫ2 ; n ϭ 5; P Ͼ 0.05) or tissue damage (data not shown). Subscripts are used in the reporting of ⌬Isc data for inhibitor assays: SUP. MS, supernatants from macrophages; CHX, cycloheximide; PROT I, protease inhibitors; DEXA, dexamethasone; QUINAC, quinacrine; INDO, indomethacin; PTF, pentoxifylline; THALID, thalidomide; RPMI, RPMI medium; and Ringer, Ringer solution. Other subscripts are as defined earlier. ⌬Isc is reported in microamps ⅐ centimeter
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Ϫ2
. The intestinal secretory activity produced by supernatants from TxA (10 Ϫ6 M)-stimulated macrophages was blocked by pretreatment of the macrophages with active PTx (100 ng/ml) (⌬Isc SUP. MS ϩ TxA , 62 Ϯ 7.6; ⌬Isc SUP. MS ϩ TxA ϩ PTx , 24 Ϯ 6.6 [n ϭ 6]; P Ͻ 0.01). On the other hand, PTxm (100 ng/ml) did not alter this secretory activity (⌬Isc SUP. MS ϩ TxA , 62 Ϯ 7.6; ⌬Isc SUP. MS ϩ TxA ϩ PTxm , 52 Ϯ 8.7 [n ϭ 6]; P Ͼ 0.05) (Fig.  2) .
The release of ISF by TxA (10 Ϫ6 M)-stimulated macrophages was also significantly blocked by the addition of cycloheximide (10 M), a protein synthesis inhibitor, to the culture medium (⌬Isc SUP. MS ϩ TxA , 91 Ϯ 15.2 [n ϭ 8]; ⌬Isc SUP. MS ϩ TxA ϩ CHX , 30 Ϯ 8.9 [n ϭ 7]; P Ͻ 0.01) (Fig.  3) .
The inclusion of protease inhibitors, such as trypsin inhibitor and PMSF, during the last 2 h of incubation inhibited the intestinal secretion produced by ISF present in supernatants from TxA-stimulated macrophages (⌬Isc SUP. MS ϩ TxA , 91 Ϯ 15.2 [n ϭ 8]; ⌬Isc SUP. MS ϩ TxA ϩ PROT I , 39 Ϯ 7.4 [n ϭ 7]; P Ͻ 0.01) (Fig. 4) . ⌬Isc SUP. MS ϩ RPMI (CONTROL) , 20 Ϯ 3.14 [n ϭ 9]; P Ͻ 0.001) (Fig. 5) .
Similarly, the intestinal secretory activity of the supernatants was inhibited by preincubation with an anti-IL-1␤ monoclonal antibody (250 g/ml) (⌬Isc SUP (Fig. 6) .
High levels of IL-1␤ were detected by the ELISA in supernatants of macrophages stimulated with TxA (3,476 Ϯ 200 pg/ml; the level in the control was 40 Ϯ 14.5 pg/ml; n ϭ 4; P Ͻ 0.001) (Fig. 7) . Furthermore, the addition of rhIL-1␤ (10 Ϫ7 M) to the serosal side of the Ü ssing chambers caused a potent secretory effect (⌬Isc IL-1␤ , 80 Ϯ 12.0 [n ϭ 6]; ⌬Isc Ringer , 28 Ϯ 4.9 [n ϭ 8]; P Ͻ 0.01).
DISCUSSION
C. difficile is a major cause of antibiotic-associated inflammatory diarrhea and pseudomembranous colitis, principally through the action of TxA and toxin B (29, 38, 40) . The injection of TxA into the intestine produces an acute inflammatory response, with the activation of macrophages and mast cells and the mobilization of neutrophils (39, 40, 52) . Two hours after the inoculation of this toxin into the intestinal loop of rabbits, there is a large infiltration of mononuclear cells into the lamina propria, with the consequent destruction of the intestinal mucosa (27) .
We demonstrated recently that C. difficile TxA is a potent inducer of neutrophil migration in the rat peritoneal cavity and air pouch. This migration was dependent on the release of IL-1␤, TNF-␣, and leukotrienes by the macrophages (42) .
Macrophages are considered to be one of the most important cell types in inflammatory processes. By acting as alarm cells, these phagocytes signal the presence of foreign bodies through the elaboration and release of several substances, including cytokines and arachidonic acid metabolites (17, 26, 35) . ), PAF, and TNF-␣. These mediators might stimulate the macrophages to secrete IL-1␤ in an autocrine manner. In addition, proteolytic activity is needed during the formation of IL-1␤. This scheme also shows that potential pharmacological blockers, such as cyclo-oxygenase products, PAF, TNF-␣, and protease inhibitors, could affect the synthesis and release of this cytokine.
In order to examine whether macrophages are important in the enterotoxic effects of TxA, we evaluated the ability of this enterotoxin to stimulate the release of ISF from these cells in vitro.
Macrophages stimulated with TxA released a factor that activated intestinal secretory activity, as shown by changes in ion transport based on Isc analysis of rabbit ileal segments. These results confirmed an involvement of macrophages in the intestinal secretory response to TxA.
To explore a possible role for the inhibitory G-protein (Gi) pathway of the adenylyl cyclase system, we studied the actions of PTx and PTxm. The biological effects of PTx result from the action of the S1 subunit. This subunit has ADP-ribosyltransferase activity that catalyzes the transfer of ADP-ribose from NAD to a regulatory GTP-binding protein (G protein) in eukaryotic cells (4, 20) . The intestinal secretory activity of rabbit ileum exposed to macrophage supernatants was completely inhibited by PTx. In contrast, PTxm, which is devoid of enzymatic activity, did not alter this activity.
Certain macrophage-derived mediators, such as IL-1 (8, 9), TNF-␣ (23), PAF (22) , leukotrienes (46, 47) , and prostaglandins (6), can cause intestinal secretion. Therefore, pharmacological screening was used in an attempt to investigate if one of these products was the ISF present in the supernatants of TxA-stimulated macrophages.
Cycloheximide, a classic inhibitor of mRNA (36), significantly inhibited the release of ISF, indicating that this factor is dependent upon protein synthesis. This finding was confirmed by the observation that dexamethasone, a compound known to block the transcription of mRNA for several cytokines, including TNF-␣, IL-1, and IL-8, in macrophages (1, 3), potently inhibited the formation of ISF.
The ability of quinacrine, a phospholipase A 2 inhibitor, to partially block the secretory activity of the supernatants indicated that arachidonic acid metabolites are involved in the release of ISF. This fact was confirmed by the inhibition observed with dexamethasone which, in addition to its effects on mRNA transcription, also markedly inhibits eicosanoid production through the formation of lipocortins. The latter also block the activity of phospholipase A 2 (1). Indomethacin, a cyclo-oxygenase inhibitor, and NDGA, a dual cyclo-and lipooxygenase inhibitor, reduced the intestinal secretory activity in the supernatants of TxA-stimulated macrophages. In contrast, MK 886, a specific lipo-oxygenase inhibitor, had no significant effect on this activity. The PAF receptor antagonist BN 52021 only partially inhibited the release of ISF. These results indicate that prostaglandins and PAF, but not leukotrienes, probably play an important role in the release of ISF.
Pretreating the macrophages with pentoxifylline and thalidomide, both of which are directly related to TNF-␣ synthesis (33) , resulted in partial inhibition of the release of ISF. This finding suggests that TNF-␣ may have a role as an amplifying element in the release of ISF.
Preincubation of the supernatants with anti-IL-1␤ monoclonal antibody resulted in 72% inhibition of intestinal secretion. Nevertheless, anti-IL-1␣ monoclonal antibody had no significant effect. The combination of anti-IL-1␣ and anti-IL-1␤ monoclonal antibodies did not inhibit the intestinal secretory activity to a greater extent than that observed with anti-IL-1␤ antibody alone. These experiments demonstrated the importance of IL-1␤ in the intestinal secretion caused by supernatants of TxA-stimulated macrophages. IL-1ra (10, 12, 13, 50) completely blocked the secretory response of the supernatants, confirming that IL-1 was the ISF present in the supernatants studied.
The addition of rhIL-1␤ (10 Ϫ7 M) to the serosal side of the Ü ssing chambers provoked potent intestinal secretion similar to that seen with the conditioned supernatants from macrophages. Furthermore, Chiossone et al. (9) found that the addition of rhIL-1␣ or rhIL-1␤ to rabbit ileum on the serosal side of Ü ssing chambers provoked intestinal secretion in a dosedependent manner, with the maximum effect occurring at a dose of 5 ng. The presence of protease inhibitors during the final stage of incubation neutralized the intestinal secretion caused by the conditioned supernatants. This finding indicates that proteolytic activity is needed during the formation of ISF. In this regard, IL-1␤ is initially synthesized as a precursor molecule, with a molecular mass of 31 kDa, and later cleaved by intraand extracellular proteases to yield the mature form, with a molecular mass of 17.5 kDa (12, 14) . The synthesis and release of IL-1 can be blocked by cyclo-oxygenase and dual cyclooxygenase-lipo-oxygenase inhibitors but not by specific lipooxygenase inhibitors (12) . In addition, IL-1 is capable of stimulating the production by endothelial cells of PAF, which can in turn regulate the synthesis of IL-1, IL-2, and TNF-␣ (5, 7, 43) .
The detection of IL-1␤ in the supernatants of TxA-stimulated macrophages by an ELISA further confirmed IL-1␤ to be the ISF.
In conclusion, macrophages stimulated with TxA release a factor capable of provoking intestinal secretion in vitro. The regulation of this factor is dependent on the activation of the G protein. In addition, cyclo-oxygenase products, PAF, and TNF-␣ are involved in the release of ISF (Fig. 8) . Furthermore, the data demonstrate that IL-1␤ is the ISF.
